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Abstract A novel chemico-kinetic disintegration model has
been applied to study the cooperative relationship between
physico-chemical treatment and supplementary wet-state mill-
ing of biomass, as an efficient process route to achieve high
enzyme accessibility. Wheat straw, Miscanthus and short-
rotation willow were studied as three contrasting biomass spe-
cies, which were subjected to controlled hydrothermal pretreat-
ment using a microwave reactor, followed by controlled wet-
state ball-milling. Comparative particle disintegration behav-
iour and related enzyme digestibilities have been interpreted
on the basis of model parameters andwith evaluation of textural
and chemical differences in tissue structures, aided by the ap-
plication of specific material characterisation techniques.
Supplementary milling led to a 1.3×, 1.6× and 3× enhancement
in glucose saccharification yield after 24 h for straw,
Miscanthus and willow, respectively, following a standardised
10-min hydrothermal treatment, with corresponding milling en-
ergy savings of 98, 97 and 91% predicted from the model,
compared to the unmilled case. The results confirm the viability
of pretreatment combined with supplementary wet-milling as
an efficient process route. The results will be valuable in under-
standing the key parameters for process design and optimisation
and also the key phenotypical parameters for feedstock
breeding and selection for highest saccharification yield.
Keywords Biomass . Disintegration . Pretreatment .
Modelling . Saccharification
1 Introduction
The efficient physico-chemical deconstruction of biomass as a
pretreatment for enzyme saccharification requires optimisa-
tion of a number of factors, including the extent to which the
components of the cell wall are debonded by pretreatment
reactions [1–4], the accessibility of the cellulose fibrils within
the debonded tissue structures towards enzyme hydrolysis [5,
6] and the extent to which the accessibility of these residual
tissue structures evolves due to breakup during physical pro-
cessing [7–9]. Overall resistance to deconstruction may there-
fore depend on a number of phenotypical attributes, which
might be targeted for process optimisation or by feedstock
selection [10–13].
One significant attribute of a biomass feedstock is the me-
chanical durability of the tissue structure, which will determine
the ease of disintegration by mechanical processing. Such tech-
niques are designed to bring about an increase in accessible
surface area, which in turn leads to an enhancement in enzyme
digestion rate and yield. Previous studies have shown that dry
ball-milling of untreated biomass can be effective in this regard
[14, 15] although this may be a lengthy and energy-intensive
operation [16, 17]. Wet-state mechanical disintegration is more
advantageous in that it avoids the energy expense of drying and
can be integrated into a sequence of other wet processing steps,
either as a pretreatment [18, 19] or combinedwith simultaneous
enzymatic treatment [20, 21]. Furthermore, studies have also
shown that the energy consumption of wet-milling and related
disintegration methods can be reduced significantly by the ap-
plication of a prior chemical treatment, either in sequence or as
part of a combined process [22–24]. Such cooperative method-
ologies may be key in achieving high enzyme digestibility at
economic process cost [15, 25]. Also importantly, the supple-
mentary application of wet-milling following pretreatment has
the potential to achieve good saccharification yields from more
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recalcitrant biomass species, such as woody materials, poten-
tially with reduced severity of the pretreatment step [23]. Lower
severities would also reduce unwanted biomass degrada-
tion, limiting the production of compounds that inhibit
fermentation and minimising the loss of useful sugars, im-
proving overall yield [26].
Following these previous key findings, this current work
sets out to understand more fully the influence of prior
physico-chemical treatment on the rate of mechanical disinte-
gration of a biomass feedstock, by a new application of a
chemico-kinetic model for material failure. This model was
originally developed to predict the failure of fibres and poly-
mers under a fatigue regime [27, 28], and has also been
adapted to explore the influence of cross-linking on the wet
abrasion of cellulose fibres [29]. For this current study, a fur-
ther modification of the model has been developed, to incor-
porate terms describing the extent of disruption of molecular
bonding caused by chemical pretreatment, which will then
modify the rate of mechanical disintegration under milling
type conditions. With the aid of the model, this new study
has for the first time directly contrasted the behaviour of three
commercially important biomass species, namely wheat straw,
Miscanthus and short-rotation willow, subjected to highly
controlled pretreatment and milling regimes. The impact of
tissue architecture and cellular material differences between
biomass species has been interpreted in terms of the disinte-
gration model parameters, supported by data from specific
material characterisation techniques. Treated biomass mate-
rials have been assessed using an established enzyme hydro-
lysis assay, in order to correlate digestion with disintegration
performance.
2 Theory and modelling
Any solid material, either synthetic or of natural origin, gains
resilience against repetitive mechanical action from its net-
work of molecular bonds, which resist external stresses and
maintain material integrity. In the Zhurkov kinetic model, it is
considered that the molecular bonds in a material are constant-
ly undergoing fluctuations in length due to natural thermal
motion, and that as a result of these statistical fluctuations,
over the course of time, some bonds may exceed their stress
limit and will undergo rupture [27]. Moreover, the application
of external stresses, say due to milling or abrasion, will add to
the stress experienced at the molecular level, so that the
chance of thermal fluctuations exceeding the stress limit will
increase and ruptures will occur over a shorter time period.
The progressive, time-dependent rupture of individual
connecting bonds in a material leads eventually to macroscop-
ic failure and the creation of new fracture surfaces, which in
the case of milling results in a reduction in particle size and an
increase in surface area.
The time to a defined point of macroscopic failure will
depend inversely both on the temperature and also the aver-
age magnitude of the applied stress under cyclic or rotatory
milling conditions, where both parameters influence the sta-
tistical chance of bond fluctuations exceeding the stress limit,
according to an Arrhenius principle. The time to failure also
depends on the morphology and molecular organisation of
the material, which in the model can be represented by a
material integrity parameter. This will vary between biomass
species and is the main descriptor of material properties,
which will report on both cellular architecture as well as
the molecular organisation within the cell wall. In this new
adaptation of the model, it is also appreciated that the value
of this integrity parameter will be reduced if a proportion of
linkages in the biomass material have been broken due to
prior physico-chemical treatment, as illustrated in Fig. 1a.
From previous studies, the extent of the deconstruction reac-
tions due to hydrothermal pretreatment can be defined by
applying standard chemical kinetics [30].
The complete model for time-dependent failure under mill-
ing or abrasion conditions is set out in Eq. (1), where τ is the
critical time required for size reduction by wet ball-milling in
order to create the necessary material surface area for effective
enzyme accessibility.
τ ¼ τ0exp
U0−
σ
m 1− fð Þ
RT
2
64
3
75 ð1Þ
f ¼ 1−exp −ktð Þ ð2Þ
In Eq. (1), τ0 is a proportionality constant, which is defined
as the time to failure at infinite temperature, related to the
timescale for molecular vibrations. U0 is the unperturbed ac-
tivation energy for the molecular rupture process, σ is the
average external stress resulting from cyclic mechanical ac-
tion, R is the gas constant and T is the absolute tem-
perature. The material integrity parameter, m, formally
has units representing the initial number of moles per
unit volume of stress-active bonds. This is modified by
f, the extent of the physico-chemical deconstruction re-
actions, as described by first-order chemical kinetics,
according to Eq. (2), where t is the pretreatment time
and k is a rate constant. For this work, in Eq. (1), a value of
100 kJ mol−1 was used for U0, and 10
−12 s for τ0. A value of
0.02 GPa was used for σ, for a mechanical regime consisting
of shear and compressional type cyclic fatigue, estimated ac-
cording to earlier studies [29]. Fitting of the model to experi-
mental data was achieved by minimisation of the sum of
squared differences, using a combination of manual iteration
and the Solver™ tool in Microsoft Excel.
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3 Experimental materials and methods
3.1 Plant materials
Wheat straw (var. Cordiale) was obtained from the University
of Nottingham farm.Miscanthus (var.Giganteus) was provided
by the University of Aberystwyth. Short-rotation willow (var.
Tora) was provided by Rothamsted Research Station. All feed-
stocks were air dried to ambient laboratory moisture content
and were stored for approximately 3 months before use. Prior
to treatments, all feedstocks were knife milled to pass through a
coarse 2-mm screen (model P90 mill, Fritsch GmbH).
3.2 Hydrothermal pretreatment
Samples of 2 g of untreated knife-milled biomass were each
loaded into 30-ml glass microwave reactor vials with 20 ml
of water. After 30 min equilibration, each vial was sealed
and placed in the chamber of a microwave reactor
(Monowave 300, Anton Paar GmbH). The maximum rate
of heating was applied, enabling a set point of 200 °C to
be reached in 90 s, under control of a ruby fluorescence
thermometer. The set temperature was held for different iso-
thermal periods, from 1 to 20 or 40 min, followed by rapid
cooling to ambient temperature by forced air circulation.
Untreated control samples of each biomass species were
subjected to a lower temperature sterilisation at 121 °C for
5 min, in order to neutralise any potential microbial action
that might develop during subsequent enzyme hydrolysis,
but without altering the biomass structure. For gravimetric
determinations, the treated samples were washed four times
through a paper filter with demineralised water, and the solid
residues were air dried, then oven dried at 100 °C, to estab-
lish the proportional weight losses due to solubilisation of
cell wall species [31]. For samples prepared for enzyme
digestion experiments, the same washing protocol was ap-
plied but with overnight drying at ambient temperature, to
constant weight, in order to limit any possible structural
collapse (hornification) which might influence subsequent
enzyme accessibility. For modelling of wet-milling behav-
iour, after treatment, the total contents of the reactor vials
were transferred without washing to ball-mill vessels. For
microscopy investigations, cut stem sections of straw,
Miscanthus and willow were hydrothermally treated in the
microwave reactor at 200 °C in excess water, and the treated
samples were recovered without damage.
3.3 Chemical analysis
The as-received biomass materials and selected washed
and dried pretreated residues were subjected to total
acid hydrolysis by incubating for 1 h in 12 M sulphuric
acid at 37 °C, followed by 2 h in 1 M sulphuric acid at 98 °C
[32]. Sugar monomer concentrations in the acid hydrolysates
were determined by high-performance ion-exchange
chromatography with pulsed amperometric detection
(Dionex, UK) [30]. Analysis of lignin in the as-received bio-
mass and the washed and dried pretreated residues was carried
out by extraction using acetyl bromide in acetic acid, followed
by measurement of the absorbance at 280 nm [33]. Lignin
quantification was performed by calibration using a low sul-
phate lignin reference sample (Sigma-Aldrich Ltd.).
3.4 Wet-milling procedures
As outlined above, in one procedure, the total liquors and
solids following pretreatment were directly transferred to 80-
ml stainless steel ball-mill vessels, with total liquor volumes
made up to 50 ml by washing with 28 ml of demineralised
water (giving a final 4% solids content); 15 × 1-cm-diameter
steel balls were added to each vessel, and the lids were sealed
with PTFE gaskets (P9 planetary ball mill, Fritsch GmbH).
Milling was carried out for differing total times at 250 rpm,
comprising of cycles of 2 min + 2 min pauses. This procedure
was applied to a set of willow biomass samples which had
been subjected to increasing pretreatment times at 200 °C,
which were then each milled for a total of 10 min. The milled
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Fig. 1 a Schematic of chemico-kinetic model for biomass disintegration.
In the original state, a proportion of active bonds share the stress. Both
active bond (thick lines) and inactive bonds (thin lines) are reduced in
number by prior chemical treatment, from levels 0 to 1 to 2, where the
active bonds are further disrupted by a milling time of M. b Solubilisation
of material following hydrothermal treatment at 200 °C for increasing
reaction times, expressed as percentage of original total biomass: total
solubilised mass from wheat straw (filled square), Miscanthus (filled
triangle) and willow (filled diamond); solubilised lignin from wheat straw
(empty square),Miscanthus (empty triangle) and willow (empty diamond)
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willow dispersions were assessed by microscopy and by sed-
imentation protocols, as described below. The same milling
procedure was applied to sets of samples of each of the three
biomass species, which had again been pretreated for increas-
ing times at 200 °C. Each of these samples was milled for a
series of accumulated time steps, with assessment at each in-
crement to establish the critical milling time (τ) required to
achieve a given extent of particle breakup. This was assessed
rheologically by determining the total milling time required to
reduce the particles to a sufficiently small size for the disper-
sions to flow easily under suction through a 1-mm-diameter
capillary pipette. The operation was repeated twice for each
biomass, giving measurements in duplicate.
In a separate procedure, 200 mg portions of washed and
ambient dried samples of the three biomass species were
pretreated for different times at 200 °C and were subjected
to wet ball-milling using the above machine and vessel pa-
rameters for selected times. For this procedure, the milling
liquor consisted of 36 ml of a 50-mM pH 5 citrate buffer
solution, so that the milled dispersions could be transferred
directly to 50-ml centrifuge tubes for a standardised enzyme
hydrolysis assay. This wet transfer was designed to avoid ma-
terial transfer losses, and also to avoid an additional drying
step which might cause structural changes and which might
influence enzyme accessibility. All samples subjected to the
enzyme assay had therefore experienced the same single dry-
ing step, so all comparisons were considered internally con-
sistent. A 4-ml volume of enzyme concentrate in pH 5 buffer
was added to the dispersions in the centrifuge tubes, giving a
final 0.5% solids content, for the digestion protocol described
below. A zero milling time sample was also included in each
series. For calculations, the initial sample weights were
corrected for equilibrium moisture. Sedimentation exper-
iments were also carried out on the intermediate 10 min
pretreated dispersions in the 50-ml tubes, prior to the
enzyme assay, as described below. An equivalently treated
set of dried samples of each biomass were characterised by
wide-angle X-ray diffraction and also examined by optical
microscopy.
3.5 Physical characterisation
Transmitted light optical microscopy images of biomass par-
ticles dispersed in water. Scanning electron microscopy
images of gold-coated samples of untreated and treated
biomass were obtained using a Hitachi S300 instrument,
at 13 kV. In addition, optical micrographs of dispersions
diluted to 0.08% were processed using ImageJ software
(ImageJ 1.45, http://imagej.nih.gov.i), to estimate the
distribution of particle diameters and volumes, assuming
spherical geometry.
Material densities of the untreated biomass materials were
determined by helium pycnometry (Quantachrome Inc), using
2-mm-cut-size samples. Hydrated bulk densities of the un-
treated 2-mm-size biomass samples were determined by mea-
surement of the volume displacement of 4 g of material im-
mersed in 30 ml of demineralised water, after 24 h hydration.
The settling characteristics of the dispersions of biomass pro-
duced by wet-milling were determined in 50-ml centrifuge
tubes, both for 4 and 0.5% solids samples. The dispersions
were shaken and allowed to settle over 24 h at ambient tem-
perature, ensuring no floating particles. The final volume of
the lower particulate phase was measured as a fraction of the
total volume of the sample.
Wide-angle X-ray diffractograms of untreated, pretreated
and wet-milled materials were measured using a Siemens
S5000 system, as described previously [34]. An amorphous
subtraction procedure was carried out using extensively
dry ball-milled samples from each biomass species.
Considering cellulose as the only crystallisable polymer
in the cell wall matrix, an estimation of the cellulose
fibril crystallinity could be established by division of
the total crystallinity by the fraction of glucan in the sample,
obtained by sugar analysis. This approach assumed that all
glucan was derived from the cellulose component, neglecting
the small amount of glucan that might be present in the hemi-
cellulose components.
3.6 Enzyme digestion and saccharification yields
Portions of 200 mg of biomass substrates were prepared
as described above by milling as dispersions in 36 ml of
pH 5 citrate buffer. Incubations were carried out in 50-ml
centrifuge tubes in the presence of 40 FPU/g-biomass of a
Trichoderma reesi cellulase mixture (C8546 lyophilised
powder, Sigma Aldrich Co Ltd), made up to 40 ml total
liquor. The centrifuge tubes were shaken horizontally at
150 rpm in an incubator at 50 °C, with 100-μl samples
taken at selected time intervals for sugar monomer analy-
sis [34]. Glucose saccharification yields were expressed as
a percentage of total glucose (as glucan) in the undigested
material.
In addition, the kinetics of enzyme hydrolysis of the bio-
mass samples subjected to the intermediate 10-min hydro-
thermal treatment were analysed from a full time series
using a pseudo-first-order diffusion-limiting model, which
is applicable for reactions in heterogeneous substrates
tending to a high degree of completion [35]. The experimen-
tal glucose yield data was fitted to Eq. (3), where Ct is the
yield at time t, C∞ is the yield at infinite time, r is a rate
constant including both reaction and physical-diffusional
contributions, and n is a parameter describing the structural
diffusional constraint.
Ct ¼ C∞ 1−exp −rtð Þ½ n ð3Þ
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4 Results and discussion
4.1 Experimental pretreatment and wet-milling
of comparative biomass species
The proportions of cellulose, hemicellulose and lignin and oth-
er compositional data for the three biomass feedstocks are
summarised in Table 1. The solubilisation profiles for each
biomass in Fig. 1b describe the progress of the collective de-
construction reactions of the polysaccharide and lignin cell wall
components under hydrothermal conditions. The data was used
to derive trial kinetic parameters for application of the disinte-
gration model described in Section 2, where fitting to Eq. (2)
gave experimental pretreatment rate constants (k) for
straw = 0.19 (0.03) min−1, Miscanthus = 0.17 (0.03) min−1
and willow = 0.23(0.04) min−1 (errors in parentheses). A great-
er amount of immediately extractable material was liberated
from willow, compared to straw and Miscanthus, due to the
solubilisation of sap components trapped in the willow
tissue on drying. The data therefore indicated that pro-
portionally less cell wall material was solubilised from
willow than Miscanthus or straw under these hydrothermal
conditions. This was also consistent with the slower rate of
loss indicated from the lignin assay, which is an expected
consequence of the higher lignin cross-linking in the wood
compared to the two grass species [36].
The electron microscopy images in Fig. 2 show that with-
out mechanical action, the tissue organisation in all three spe-
cies was retained and even consolidated after pretreatment,
despite the chemical transformations of lignin and
solubilisation of hemicellulose components in the cell wall.
However, the underlying loss of integrity of these tissue struc-
tures is demonstrated for willow, in Fig. 3, where an increase
in the duration of hydrothermal treatment led to a correspond-
ing increase in extent of tissue breakup after a standard milling
time. This was shown by particle size image analysis and also
from the settling characteristics of the milled biomass disper-
sions, where the observed increase in volume of the
settled phase resulted from the reduction in size of the
milled particles and their more effective suspension
within the liquor phase.
4.2 Modelling of disintegration and relation to material
properties
The disintegration model provides a basis for understanding
the cooperative effect of pretreatment and wet-milling on bio-
mass breakup behaviour. The in situ measurement of the cap-
illary flow characteristics of dispersions was chosen as the
most practical technique for immediate estimation of particle
disintegration, where, as described, the critical milling time (τ)
of the model was defined as the milling time required to
achieve smooth flow through a 1-mm-diameter orifice.
Applying this technique, the experimental data in
Fig. 4a confirmed that for all three biomass species,
there was a strong inverse relationship between the du-
ration of hydrothermal treatment and the resulting criti-
cal milling time, as biomass cell wall integrity was re-
duced by prior deconstruction reactions. However, im-
portant differences in behaviour were seen between the three
biomass species, which was interpreted through evaluation of
model parameters and biomass physical properties, as
discussed below.
The trends of the experimental profiles in Fig. 4a serve to
validate the utility of the disintegration model. Selected hypo-
thetical model outputs in Fig. 4b successfully predict that the
critical milling time for a material reduces with the extent of
pretreatment, and that for a given extent of pretreatment, a
material with a higher material integrity parameter will require
a longer critical milling time to achieve the desired size reduc-
tion. However, a deficiency of the model as set out in Eqs. (1)
and (2) is that the critical milling time tends to zero at long
pretreatment times, implying that the treated biomass breaks
up instantaneously. However, the experimental data from Fig.
4a showed that a measureable milling time was still required
to achieve the critical size reduction, even at the longest pre-
treatment times. From the kinetic profiles in Fig. 1b, the pri-
mary deconstruction reactions were complete after 20 min
hydrothermal pretreatment at 200 °C, as hemicellulose and
lignin components reached a limit in solubilisation.
However, cellulose is more resistant to hydrothermal reactions
at these treatment temperatures, and also much of the lignin
material remains insoluble, potentially recondensing into a
new network. Therefore, some structural integrity would be
expected to remain, which may be accounted for by a
modification of the reaction terms in the model Eq. (2).
The measured pretreatment rate constant k is therefore re-
placed by k′, which is a revised mean rate constant accounting
for material reacting by other pathways than detected through
solubilisation. The extent of reaction f is also replaced by f′,
giving a revised first-order kinetic Eq. (4), where p is a scaling
factor accounting for the possibility of a proportion of the
biomass being chemically resistant or remaining stable
through the hydrothermal treatment. Both these revised pa-
rameters were optimised via simultaneous fitting to the disin-
tegration model. With these adjustments, it was possible to
achieve good fits to the experimental data at all pretreatment
times, shown as continuous lines in Fig. 4a, with the final
fitted model parameters for each biomass type summarised
in Table 2.
f
0 ¼ 1−exp −k 0 t
 h i
p ð4Þ
In support of this modification of the model, the experi-
mental results revealed that the critical milling time for willow
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at the longest treatment time was slightly higher than that of
the two grassy species. This is reflected in the fitted parame-
ters in Table 2, which indicate that apparently a smaller frac-
tion of the willow material experiences effective physico-
chemical deconstruction during hydrothermal treatment
(p = 0.35) compared to both straw and Miscanthus
(p = 0.58 and 0.55). This is consistent with the presence of a
more chemically resistant cell wall structure in willow, as ev-
idenced from the solubilisation profiles in Fig. 1b.
The most surprising observation from the experimental da-
ta was that the critical milling times for untreated and inter-
mediate pretreated willow were considerably lower than for
the equivalent samples of straw or Miscanthus, where these
grassy species might have been expected to show poorer me-
chanical properties than the woody willow material. This dif-
ferentiation is reflected in the model parameters, where the
T
ab
le
1
C
om
po
si
tio
n
an
d
bu
lk
pr
op
er
tie
s
of
bi
om
as
s
fe
ed
st
oc
ks
G
lu
co
se
(c
el
lu
lo
se
#
)
L
ig
ni
n
X
yl
os
e
A
ra
bi
no
se
G
al
ac
to
se
M
an
no
se
*
A
sh
*
W
at
er
ex
tr
ac
ta
bl
e
M
at
er
ia
ld
en
si
ty
H
yd
ra
te
d
bu
lk
de
ns
ity
(g
/1
00
g
dr
y
bi
om
as
s)
(g
cm
−3
)
(g
cm
−3
)
St
ra
w
42
.0
(3
7.
9)
24
.0
16
.7
2.
7
1.
0
0.
6
4.
0
7.
4
1.
48
3
0.
63
M
is
ca
nt
hu
s
49
.3
(4
4.
4)
26
.9
15
.4
1.
7
0.
4
2.
7
6.
6
1.
46
4
0.
80
W
ill
ow
*
42
.8
(3
8.
5)
25
.7
10
.4
1.
1
2.
5
2.
2
3.
9
12
.0
1.
46
7
1.
33
E
st
.e
rr
or
s
(+
/−
)
(0
.5
)
(0
.3
)
(0
.3
)
(0
.2
)
(0
.2
)
(0
.1
5)
(0
.3
)
(0
.5
)
(0
.0
05
)
(0
.0
3)
#
Fr
om
gl
uc
os
e
an
al
ys
is
*
In
cl
ud
es
da
ta
fr
om
R
ot
ha
m
st
ed
R
es
ea
rc
h
In
st
itu
te
[2
8]
Fig. 2 Scanning electron micrographs of untreated and treated stem cross
sections of biomass materials: a wheat straw, bMiscanthus and c willow
Fig. 3 Disintegration behaviour of willow biomass under a standardised
wet-milling time of 10 min, following different times of hydrothermal
pretreatment: fractional sedimentation volume (filled diamond),
proportion of large particle (> 1 mm) fraction (filled triangle)
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material integrity parameter (m) is higher for the two grasses
than for willow. These counterintuitive findings may partly be
a consequence of the differences in particle geometries be-
tween the species, as indicated from the micrographs of the
dispersions of pretreated samples. The images in Fig. 5 show
that after 10 min milling, the predominant vascular tissues of
the grass species had broken up to create particles with low
lateral dimensions, of around 10–20 μm, but relatively high
longitudinal dimensions, up to 1 mm, and hence high aspect
ratio. Such disintegration behaviour would mean that the tis-
sue fragments generated could entangle in the dispersion
and cause capillary blockage. The longitudinal strength
of such vascular fragments would also mean that a lon-
ger critical milling time would be required to achieve
sufficient breakup in this dimension for smooth flow. In
comparison, from Fig. 5, the predominant willow xylem
tissue had broken up to form lower aspect ratio cellular
fragments, again around 10–20 μm in the lateral dimen-
sion and mostly less than 200 μm in the longitudinal dimen-
sion, which therefore would entangle less severely and there-
fore achieve flow through the capillary at shorter critical mill-
ing times.
Fig. 4 a Experimental relationship between pretreatment time and wet
ball-milling time required for reduction in particle size to achieve smooth
capillary flow, for wheat straw (filled square), Miscanthus (filled triangle)
and willow (filled diamond). Error bars are estimates of measurement error.
Continuous lines are fits of data to the chemico-kinetic model. b Illustration
of parameter sensitivity of the chemico-kinetic disintegration model, from
Eqs. (2) and (3). Pretreatment rate constant (k) = 0.05 min−1, material
integrity parameter (m) = (filled square) 1.9, (filled triangle) 2.0, (filled
diamond) 2.15 kmol m−3. Other parameters are fixed T
ab
le
2
E
xp
er
im
en
ta
la
nd
fi
tte
d
pa
ra
m
et
er
s
fo
r
ch
em
ic
o-
ki
ne
tic
fa
tig
ue
m
od
el
fo
r
w
et
-m
ill
in
g
of
4%
bi
om
as
s
di
sp
er
si
on
s
B
io
m
as
s
Pa
ra
m
et
er
s
A
ct
iv
at
io
n
en
er
gy
Pr
e-
ex
po
ne
nt
ia
l
E
xt
er
na
ls
tr
es
s
In
iti
al
ac
tiv
e
bo
nd
co
nc
en
tr
at
io
n
E
xp
er
im
en
ta
lp
re
tr
ea
tm
en
t
ra
te
co
ns
ta
nt
F
itt
ed
pr
et
re
at
m
en
t
ra
te
co
ns
ta
nt
R
ea
ct
in
g
pr
op
or
tio
n
R
2
of
fi
t
C
ri
tic
al
m
ill
in
g
tim
e
fo
r
20
m
in
pr
et
re
at
ed
sa
m
pl
es
U
0
(k
J
m
ol
−1
)
τ 0
(s
)
σ
(G
P
a)
m
(m
ol
m
−3
)
k
(m
in
−1
)
k′
(m
in
−1
)
p
(m
in
)
St
ra
w
10
0
10
−1
2
0.
02
21
50
0.
19
0.
12
0.
58
0.
99
6
(±
2)
M
is
ca
nt
hu
s
22
10
0.
17
0.
10
0.
55
0.
99
8
(±
2)
W
ill
ow
17
60
0.
23
0.
23
0.
35
0.
92
10
(±
2)
Biomass Conv. Bioref.
4.3 Relationships between digestibility and material
properties
The experimental saccharification yields of the biomass dis-
persions at 24 h digestion time are shown graphically in Fig. 6
for different pretreatment times, with and without a 10-min
milling time. These results clearly show the benefits gained
from supplementary milling at all levels of pretreatment for all
three biomass species. From this data, the intermediate 10-min
pretreatment time was selected to provide the most represen-
tative comparisons between species, and the corresponding
digestion kinetics were analysed in detail using the
diffusion-limiting model, as described in Section 3. The fitted
kinetic parameters are summarised in Table 3, where the yield
at infinite time (C∞) was set as the asymptotic experimental
glucose yield found at 48 h digestion time for the 10-min
milled samples of each species. The diffusional parameter
(n) was set at 0.3 (except 0.4 for unmilled willow), which
indicated a high level of structural constraint for all tissue
materials.
Comparative outputs from the kinetic analysis at 24 h di-
gestion time showed that without milling, the pretreated wil-
low gave the lowest glucose yield of 25%, followed by un-
milled Miscanthus at 38%, with the highest yield of 51% for
unmilled straw. However, this ordering changed dramatically
following the progressive increase in milling time, from
Table 3, where ultimately after 10 min milling, the pretreated
willow achieved the greatest glucose yield of 77%, therefore
also showing the most impressive enhancement on milling.
Conversely, the pretreated straw showed the least enhance-
ment on milling, from 51 to 66% yield, despite the large re-
duction in critical milling time following pretreatment indicat-
ed from the disintegration model.
To understand these different extents of enhancement, it is
helpful first to note that the trend in digestibilities of the three
unmilled pretreated biomass materials appeared to follow the
relative tissue density of the initial untreated materials, as
visualised by electron microscopy, in Fig. 2. Here, intuitively,
it would be expected that particles with a greater structural
compactness would have lower enzyme accessibility,
according to visual in terpre ta t ion, in the order
willow < Miscanthus < straw. This interpretation is supported
more quantitatively from the measurement of the hydrated bulk
densities of the untreated materials, which provides an indica-
tion of the amount of closed voids in the tissue structure. Values
of 1.33, 0.80 and 0.67 g cm−3 were determined for willow,
Miscanthus and straw, respectively, in Table 1, which were all
lower than the absolute material densities measured by
pycnometry, which were very similar for all three species.
Willow clearly had the lowest internal void volume, reflecting
the dense, closely packed, organisation of the xylem, phloem
and cambrian tissue layers. Conversely, straw had the greatest
void volume reflecting themore delicate compartmented nature
of the sclerenchyma tissue of the plant stem, bounded by the
outer vascular bundles, with Miscanthus having intermediate
character. Further support for these inferences could be found
from the settling behaviour of the respective pretreated sample
dispersions, according to the comparative graph in Fig. 7a,
where the pretreated unmilled willow material had the lowest
fractional settled volume, followed by Miscanthus, then straw.
The settling properties of the dispersions will also be strongly
dependent on the hydrated densities of the biomass particles, as
this material property will influence their buoyancy and hence
the tendency of the particles to pack closely within the sur-
rounding liquor under conditions of gravitational settling.
From these basic interpretations, it is suggested that the
digestibility of the initial unmilled pretreated biomass particles
might be correlated most simplistically with differences in
tissue density and structural compactness between the three
species. Following this logic, all three pretreated biomass spe-
cies exhibited gains in digestibility after wet-milling, due to
the increase in accessibility of the disintegrated tissue struc-
tures through creation of new surfaces. However, the relative
enhancements observed on milling may again depend on the
differences in tissue textures between species, as manifested in
the differing particle geometries, which may again be inferred
by observation of particle settling behaviour. The settled vol-
umes of the pretreated materials all increased as a result of
milling, from Fig. 7a, as smaller particles would be suspended
more effectively in the surrounding liquor. As anticipated,
from Fig. 7b, an overall positive correlation was seen between
the measured settled volume and the corresponding enzyme
digestibility, as the surface area accessible for enzyme interac-
tion would increase with reduction in particle size. However,
1 mm
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Fig. 5 Optical micrographs of biomass materials hydrothermally treated
for 10 min duration, subjected to different times of supplementary wet ball-
milling (0, 5 and 10 min): awheat straw, bMiscanthus and cwillow. Scale
bar = 1 mm for all images
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although the curves for straw and Miscanthus followed ap-
proximately the same trajectory, this was offset significantly
to lower gradient compared to the curve for willow. As a
possible explanation of these differences, it is firstly consid-
ered that the relatively high hydrated density and lower aspect
ratio characteristics of the willow fragments means that disin-
tegration must be continued to a comparatively small particle
size in order to achieve a fully suspended particle network and
high settled volume. Such small particles clearly have high
accessibility, resulting in a high overall gain in digestibility.
In contrast, for both Miscanthus and straw, the disintegration
of the stem tissue due to milling results in the development of
fragments with relatively lower hydrated density and with
higher aspect ratio. Such rod-like particles will form a more
effective suspended network and will achieve a higher settled
volume, reached at shorter milling times. The low lateral di-
mensions of such particles may also result in the more rapid
achievement of a high accessible surface area. With continued
milling, the longitudinal dimensions of the vascular fragments
may be reduced, although this may possibly have a negative
effect on the network suspension, reflected in the limited fur-
ther gain in settled volume, as indicated in Fig. 7a. The rod-
like nature of these structures may also mean that further re-
duction of longitudinal dimensions would achieve limited ad-
ditional gain in accessible surface area and in digestion yield.
X-ray diffraction measurements showed that some
decrystallisation of the cellulose fibrils in all three biomass
species was caused initially by hydrothermal treatment, from
Table 4, which has been observed in earlier studies [37].
However, no further loss of crystallinity had occurred due to
wet ball-milling, and in fact, there was a moderate increase in
cellulose crystallinity, similar for all three biomass species,
probably as a result of water-induced recrystallisation
(hornification) due to the additional drying step required for
XRD measurement [38]. The increase in digestibility brought
about by wet-milling cannot therefore be ascribed to any ad-
ditional mechanically induced decrystallisation of the cellu-
lose fibrils and must therefore be a result of the larger-
scale structural and textural changes causing an increase in
fibril accessibility.
4.4 Disintegration model parameters and relation
with digestibility
As discussed, the apparently lower material integrity parame-
ter (m) of willow compared to straw and Miscanthus may
partly be a consequence of differences in particle aspect ratios
as manifested by the capillary flow measurements used to
follow disintegration behaviour. However, the lower value of
this parameter does reflect the ultimately high extent of disin-
tegration of the willow biomass species that could be reached
by milling following pretreatment, and the high digestibility
that could therefore be attained. The higher material integrity
parameters for straw and Miscanthus may also intuitively re-
flect the greater longitudinal strength of the separated vascular
fragments of these materials, which limited the achievement
of capillary flow of the respective milled dispersions.
From the model outputs in Table 2, as discussed earlier,
apparently a lower proportion of the willow biomass un-
dergoes effective chemical deconstruction (p = 0.35), com-
pared to straw and Miscanthus tissue (p = 0.58 and 0.55).
This may be interpreted as an indication of a higher residual
recalcitrance of the willow cell wall structure following pre-
treatment, as suggested from the solubilisation profiles in Fig.
1b. Consequently, cellulose enzymatic hydrolysis may still be
inhibited by interferences from other chemical functionalities,
in addition to the low accessibility of the initial willow parti-
cles. However, from a mechanical perspective, the hydrother-
mal pretreatment of willow does result in sufficient loss of
Table 3 Digestion kinetics of 0.5% dispersions of pretreated biomass milled for different times
Material Straw Miscanthus Willow
Milling time (min) 0 5 10 0 5 10 0 5 10
Experimental yield at 24 h (%) 51 63 67 39 61 64 26 56 81
Rate constant (r) (h−1) 0.015 0.056 0.075 0.007 0.057 0.077 0.002* 0.013 0.054
R2 of fit 0.991 0.987 0.979 0.996 0.988 0.926 0.923 0.986 0.980
Modelled yield at 24 h (%) 51 64 66 38 60 62 25 57 77
Kinetic fitting from Eq. (4). n = 0.3 for all data, except * where adequate fit required n = 0.4
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Fig. 6 Glucose yield from enzyme digestion of biomass materials
subjected to different pretreatment times, with no supplementary milling
or supplementary milling for 10 min. Light to dark bars = pretreatment
times of 0, 5, 10 and 20 min
Biomass Conv. Bioref.
structural integrity to allow effective particle breakup under
milling conditions. Ultimately, this more than compensates for
any residual recalcitrance of the tissue material, provided that
milling is continued to reach sufficiently small particle size.
The value of the external stress parameter (σ) used in the
fitting of the disintegration model reflects the high mechanical
energies delivered under the wet ball-milling regime. This
contrasts with the regime experienced during the dilute en-
zyme digestion assay, where the dispersed biomass particles
experience much lower mechanical energy due to shaking in
the laboratory incubator. Although particle breakup might oc-
cur simply as a result of this mild physical agitation, this
would be a much slower process, as illustrated from the mod-
el, where a reduction of the stress parameter by /100 would
increase critical milling time for fully pretreated willow from
10 min to an excessive time of 174 h, compared to wet ball-
milling. Therefore, in principle, even with pretreatment, the
tissue particles of all three biomass species should be
resistant to further disintegration under the timescales
and conditions of the enzyme assay. However, it is clear
that during digestion, there will be an increasing loss of
material continuity due to the hydrolytic depolymerisation
reactions taking place within the cell wall structure. This on-
going biochemical deconstruction would reduce the integrity
parameter (m) of the disintegration model, predicting a short-
ening of this exceptionally long timescale. In the future, ele-
ments of the Zhukov theory could be included in a more com-
plete model for biomass digestion, accounting for these syn-
ergistic biochemical-mechanical interactions and their com-
bined effect on enzyme kinetics.
4.5 Implications for process optimisation
In energy terms, a reduction in milling time required to
achieve a target biomass surface area will translate directly
as a saving in energy consumed, which can be predicted from
the model. The laboratory ball-mill is ideal for control of ex-
perimental variables but is inefficient in process terms.
However, other workers have cited energy consumptions
using commercial wet disk-milling methods of around
2.1 MJ/kg in order to achieve surface areas of the order of
0.2 m2/g for untreated woody species, which could possibly
be reduced only 0.07 MJ/kg by physico-chemical pretreat-
ment, which is a 30× saving [23, 25]. This compares with
the modelling outputs from the current study, which from
Fig. 4a indicate that with a 20-min hydrothermal pretreat-
ment the potential time/energy saving will be around 42×
for straw, 34× for Miscanthus and 11× for willow. For an
intermediate 10-min pretreatment, the savings are 14×, 8×
and 7× for straw, Miscanthus and willow, respectively.
Table 4 Cellulose crystallinities
in untreated and hydrothermally
treated biomass materials
Untreated (%) 10 min hydrothermally treated
only (dried once) (%)
Hydrothermally treated then
wet-milled (dried twice) (%)
Straw 67 50 58
Miscanthus 66 49 55
Willow 69 54 61
Est. error (+/−) (2) (2) (2)
Fig. 7 a Settled volumes of straw, Miscanthus and willow biomass
following pretreatment for 10 min, then subjected to ball-milling for 0,
5 and 10 min durations. Dispersions at 0.5% solids content. b
Relationships between glucose enzymatic yield and fractional settled
volume for combined hydrothermal treatment followed by wet ball-
milling, according to conditions from a. Wheat straw (filled square),
Miscanthus (filled triangle), willow (filled diamond)
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Supplementary milling following pretreatment represents
an additional process cost, so its value in terms of an overall
process must be considered. This work shows that the gains in
digestibility are greater for the woody willow biomass than for
the grassy straw, which performs adequately without this sup-
plementary step, withMiscanthus having intermediate behav-
iour. The data in Fig. 6 also shows that even with an extension
of hydrothermal treatment time, it is not possible to achieve
the highest saccharification yield for willow without supple-
mentarymilling. Fermentation inhibitor compounds also build
up at longer hydrothermal treatment times, as well as an in-
crease in glucose degradation, so a continued extension of this
process step is not viable [26]. Therefore, in an industrial
operation, supplementary wet-milling might be most usefully
applied towoody feedstocks, where from Fig. 6 of this study, a
realistic 20 min pretreatment, followed by milling, followed
by 24 h digestion, could lead to an increase of 184 g/kg-bio-
mass of glucose yield for willow (on initial biomass), with
corresponding gains in ethanol yield. This compares with a
91 g/kg-biomass gain for Miscanthus and 35 g/kg-biomass
gain for straw. From a calorific perspective, this represents
an enhancement in energy yield of around 2.8 MJ/kg-biomass
for willow, compared to the use of ~ 0.1 MJ/kg-biomass for
the supplementary milling step and compared to an energy of
1.8 MJ/kg-biomass for hydrothermal treatment [39].
Equivalent gains of 1.4 and 0.54 MJ/kg-biomass would be
realised for Miscanthus and wheat straw, respectively.
This work has explored the use of specific material assays,
such as the hydrated bulk density and settling measurements,
and the direct measurement of disintegration characteristics
through controlled milling. Such assays may sensibly reflect
the characteristics of biomass of importance for saccharifica-
tion efficiency, for guidance of feedstock selection and breed-
ing programmes. The current results suggest that resistance to
wet-state mechanical fatigue type processes is a key indicator
of biomass performance, which can be modelled successfully
by the current approach. The loss of mechanical durability
through physico-chemical pretreatment is a complex product
of both molecular and microscale biomass structure, depen-
dent on both the chemical lability of cell wall functionalities
and the overall architecture of biomass tissue residues.
5 Conclusions
A chemico-kinetic disintegration model has been used to de-
scribe the relationship between the extent of hydrothermal pre-
treatment and the critical milling time required for a reduction
of biomass material to a specific particle size. The model con-
firms that significant energy savings in milling can be achieved
by prior physico-chemical treatment and that the effective size
reduction of biomass can lead to significant gains in digestibil-
ity. Differences in behaviour between biomass species are
strongly dependent on tissue structure and organisation, which
is reflected in model parameters. The work has shown that a
woody biomass can be processed efficiently by these cooper-
ative techniques to achieve high digestion yields, equivalent if
not superior to yields from grass species.
The work has indicated that the vascular fragments of
pretreated grassy species are resistant to longitudinal breakup,
which gives rise to a high material integrity parameter in the
model, in contrast with the predominant secondary xylem
fragments of woody species. Therefore, model behaviour does
not fully correlate with observed trends in digestibility, as such
grassy vascular fragments have high surface area and high
accessibility. The model outputs indicate that a lower propor-
tion of the woody willow biomass undergoes effective decon-
struction under physico-chemical pretreatment conditions
compared to the grassy species, which is consistent with its
greater observed chemical resistance. The model also sensibly
predicts that biomass disintegration will be slow under a low
energy mixing or shaking regime, although this does not cur-
rently account for the ongoing loss of material integrity
resulting from enzymatic hydrolysis. These findings suggest
further opportunities for refinement of the model in the future.
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